Abstract: Isoflavones are organic compounds, which have been linked to the health benefits and prevention of many diseases. Common isoflavones are genistein, daidzein, and glycitein. Genistein has been researched in regard to its effect on the reduction of menopausal symptoms and reduction of cardiovascular risk factors in osteopenic, post-menopausal women. Research on daidzein focuses on bone mineral density implications in post-menopausal women, therapeutic effects early in prostate cancer, and protection against DMBA-induced mammary carcinogenesis. The most recent research on daidzein has implications for its effect on cardiovascular risk reduction. Research on glycitein focuses on it bioavailability, as well as its role in angiogenesis and invasion of malignant glioma cells. The health benefits of these specific isoflavones are instrumental in the prevention and treatment of many diseases. This review of literature focuses on the effects of genistein, daidzein, and glycitein on health outcomes, such as breast cancer, cardiovascular disease, and prostate cancer.
PUBLIC INTEREST STATEMENT
It is projected that the US older adult population (age > 65 years) will more than double from 40.5 million in 2010 to 89 million in 2050 (Dall et al., 2013) . With the increasing prevalence of weight-related chronic diseases, it is unsurprising that an estimated 78% of the US health care budget was spent on chronic illnesses in 2009 (Bodenheimer et al., 2009) . The proportion of older adults reporting at least one chronic disease has increased from 86.9% in 1998 to 92.2% in 2008, while those reporting four or more chronic diseases has increased from 11.7 to 17.4% during the same decade (Hung et al., 2011) . Together, the aging US population and increasing prevalence of lifestyle-related chronic diseases is expected to place an even greater burden on the already struggling US health care system in the coming decades. Phytonutrients may become a part of the prevention package in some of these illnesses.
Introduction
It is projected that the US older adult population (age > 65 years) will more than double from 40.5 million in 2010 to 89 million in 2050 (Dall et al., 2013) . With the increasing prevalence of weightrelated chronic diseases, it is unsurprising that an estimated 78% of the US health care budget was spent on chronic illnesses in 2009 (Bodenheimer, Chen, & Bennett, 2009 ). The proportion of older adults reporting at least one chronic disease has increased from 86.9% in 1998 to 92.2% in 2008, while those reporting four or more chronic diseases has increased from 11.7 to 17.4% during the same decade (Hung, Ross, Boockvar, & Siu, 2011) . Together, the aging US population and increasing prevalence of lifestyle-related chronic diseases is expected to place an even greater burden on the already struggling US health care system in the coming decades.
Lifestyle factors such as diet and exercise are thought to play a critical role in the primary and secondary prevention of chronic diseases. Recent research has focused on the specific effects of phytoestrogens (bioactive components found in many foods that mimic the effect of estradiol in the human body) on various health outcomes. Isoflavones, a subcategory of the polyphenolic phytonutrient flavonoid class, are largely found in soybeans and soy-based products such as soy milk, tempeh, and tofu (Bhagwat, Haytowitz, & Holden, 2008) . In these dietary plant-based sources, isoflavones are typically present in their glycosylated form (e.g. genistin, daidzin, glycitin). When consumed, enterocyte glycosidases hydrolyze the glucose side chain, leaving the isoflavone into its bioactive aglycone form (e.g. genistein, daidzein, glycitein) (Gültekin & Yildiz, 2006) . Daidzein can be further transformed by intestinal microflora into equol, a bioactive metabolite that may be responsible for health benefits associated with daidzein intake (Jackson, Greiwe, & Schwen, 2011) . Not all humans produce equol after consuming foods containing soy; indeed, only 20-35% of the adult population is an "equol producer" (Setchell et al., 2005) .
Though genistein (Figure 1 ) and daidzein ( Figure 2 ) are thought to be the most potent isoflavones (Singh-Gupta et al., 2010) , there is growing evidence suggesting that glycitein (Figure 3 ) is a bioactive isoflavone that warrants further study (Shinkaruk et al., 2012) . This literature review will provide an overview of the current research on the effects of genistein, daidzein, and glycitein on age-and lifestyle-related chronic conditions and illnesses, including osteoporosis, cardiovascular disease (CVD), breast and prostate cancer, age-related cognitive decline, and Alzheimer's disease (AD). 
Osteoporosis
Osteoporosis is a degenerative skeletal disease characterized by deteriorating bone microarchitecture, low bone mineral density (BMD), and greater bone resorption than bone formation (bone involution). Using data gathered by National Health and Nutrition Examination Survey, a recent data brief found that among non-institutionalized US adults older than 50 years, 9% reported osteoporosis at either the femur neck (3%), lumbar spine (4%), or both sites (2%), while 49% report osteopenia at either site (22% femur neck, 10% lumbar spine) or both sites (17%). Prevalence of both osteoporosis and osteopenia significantly increases with age among all adults (p-for-trend < 0.05), but a greater percentage of females between 70 and 79 years reported osteoporosis and osteopenia (27 and 68%, respectively) than men of the same age category (4 and 45%) (Looker, Borrud, DawsonHughes, Shepherd, & Wright, 2012) .
Decreasing estrogen levels post-menopause are a critical risk factor for osteoporosis development among older female adults. However, it is well established in the literature that hormone replacement therapy (HRT) significantly increases risk of both fatal and non-fatal CVD as well as breast cancer (Rossouw et al., 2002) . As phytoestrogens, isoflavones having a binding affinity with estrogen receptors (ER), particularly ER-β, and therefore can have estrogenic effects related to bone health (Gültekin & Yildiz, 2006) . It has also been hypothesized that the high soy content of the Asian diet contributes to the lower prevalence of osteoporosis observed among Asian women compared to Western women (Ricci, Cipriani, Chiaffarino, Malvezzi, & Parazzini, 2010) . Thus, isoflavones have been examined for their ability to reduce risk of osteoporosis in post-menopausal women through decreased bone resorption and increased BMD.
A randomized, double-blind placebo-controlled trial investigated the effects of daily genistein supplementation (54 mg/d) on BMD at anteroposterior lumbar spine and femoral neck in osteopenic, post-menopausal Italian women (n = 389) after 24 months. Both treatment and placebo tablets contained 500 mg of calcium carbonate and 400 IU of vitamin D. All participants were required to maintain an isocaloric, fat-restricted diet (compliance assessed by nutritionist). At 24 months, BMD at the anteroposterior lumbar spine and femoral neck had increased among genistein treatment participants, and these values were significantly different than placebo group participants (0.10 and 0.062 g/cm 2 , respectively; p < 0.001 for both). In addition, genistein treatment participants exhibited higher levels of bone growth markers (i.e. bone-specific alkaline phosphatase) and lower levels of bone resorption markers (i.e. pyridinoline and deoxypyridinoline), reinforcing the hypothesis that genistein acts through mechanisms that increase osteoblast activity and reduce osteoclastogenesis. Although this dosage had no significant adverse effects on the uterus (as indicated by non-significant changes in endometrial thickness), the authors did report that significantly more genistein treatment participants experienced adverse gastrointestinal (GI) side effects and discontinued the study (19% vs. 8%; p = 0.002).
Despite these promising preliminary results, recent meta-analyses suggest that the relationship between isoflavones and BMD is more complex. A 2010 meta-analysis analyzed 12 randomized controlled trials (RCTs) that included a total of 1,433 Western female subjects. The mean pooled difference between isoflavone treatment and placebo groups on mean BMD change from baseline at the lumbar spine was non-significant (0.73, 95% CI −2.79, 4.25), and no time-or dose-dependent effects emerged (Ricci et al., 2010) . However, the authors did note that the two studies which employed isolated genistein supplementation (one of which was Marini et al., 2007) reported the greatest difference between treatment and placebo, suggesting that interventions with isolated genistein supplementation requires further study.
The varying results observed in mixed isoflavone supplementation may be related to an individual's equol-producing status. A 12-month double-blind RCT by Wu et al. (2007) assessed the effect of 75 mg/d isoflavone conjugates on BMD among post-menopausal Japanese women. In the isoflavone treatment group (n = 25), BMD at the hip and intertrochanteric regions were significantly higher (p < 0.05) among equol producers (−0.46 and −0.04%, compared to non-equol producers (2.28 and −2.61%, respectively). Further research, particularly those involving Western women, is required to ascertain the efficacy of pure genistein supplementation and the role of equol status in mediating the association between isoflavone intake and bone metabolism (Uehara, 2013) .
CVD
Between 2013 and 2025, the prevalence of CVD and diabetes are projected to increase by 27 and 21%, respectively (Dall et al., 2013) . The pathophysiology of CVD and type 2 diabetes mellitus (T2DM) appears to be inextricably linked through inflammatory and vascular pathways, and presence of one disease is a risk factor for the other (Dokken, 2008) . Due to the strongly adverse effects of HRT (Rossouw et al., 2002) , much research has explored the effects of isoflavone supplementation on CVD and T2DM risk factors such as hypertension, dyslipidemia, fasting serum glucose, and fasting insulin. As Zhuo, Melby, and Watanabe (2006) discuss, the body of literature regarding the effect of human isoflavone consumption and serum lipids is controversial. An early meta-analysis of controlled clinical trials by Anderson, Johnstone, and Cook-Newell (1995) found that soy protein consumption was significantly associated with improved serum lipids, but these strong effects have not been replicated in more recent studies. Contradicting results may be due to differences in study design, mediating variables such as sex and equol status, or differences in study population.
Using the same data-set as the aforementioned 2007 study by Marini and colleagues, Atteritano et al. (2007) examined the effects of 54 mg/d genistein supplementation on various cardiometabolic markers among healthy post-menopausal Italian women. At both 12-month and 24-month assessments, the authors observed significantly reduced fasting glucose and fasting insulin in the treatment group (n = 198) compared to the placebo group (n = 191; p < 0.05). Specifically, average fasting insulin in the treatment group decreased from 7.24 μIU/ml (SD 0.17) to 6.66 μIU/ml (SD 0.16) after 24 months of treatment, whereas the average fasting insulin in the placebo group increased from 7.24 μIU/ml (SD 0.18) to 7.95 μIU/mL (SD 0.19) over the same time period. Women in the treatment group also exhibited other serum markers suggesting lower CVD risk, including decreased fibrinogen and cell adhesion molecules (i.e. soluble intercellular adhesion molecules [sICAM-1] and soluble vascular cellular adhesion molecule [sVCAM-1]). Elevated levels of serum fibrinogen and cell adhesion molecules are risk factors for CVD due to their role in clotting and atherosclerosis. Overall, the study results suggest that genistein supplementation, in combination with calcium, vitamin D and a healthy diet, may reduce certain CVD risk factors as fasting glucose, fasting insulin, fibrinogen, and cell adhesion molecules in osteopenic, post-menopausal women.
However, findings from a murine study (Al-Nakkash et al., 2012) suggest that genistein may have sex-dependent effects on CVD risk factors. A 4-week treatment of 600 mg genistein per kilogram of food significantly enhanced basal vascular reactivity compared to no treatment in male and female mice (p < 0.01 for both). However, other significant observations differed by sex; female mice that received genistein exhibited significant reduction in systolic blood pressure compared to their female control counterparts, while male mice in treatment group gained significantly less weight and exhibited higher serum insulin and lower serum glucose than the male control group (p < 0.05 for all).
Similarly, a recent nested case-control study (Zhang et al., 2012 ) observed a sex-dependent association between urinary equol excretion and incidence of coronary heart disease (CHD) among Chinese adults in Shanghai. Conditional logistic regression was used to compare baseline urinary isoflavonoids of cases (n = 377; developed incident CHD during follow-up) age-and sex-matched controls (n = 753). Although no association was found between total urinary isoflavonoids and CHD in either sex, there was a significant inverse association between higher urinary equol excretion and lower incidence of CHD among the female participants (p for trend = 0.02). Compared to women with the lowest equol levels, the adjusted ORs for women in the third quartile of equol levels was 0.51 (95% CI 0.26, 0.98) and the fourth quartile 0.46 (95% CI 0.24, 0.89).
These results observed by Zhang et al. (2012) may be due to sex-dependent differences in equol producers, as studies have noted a higher prevalence of female equol producers (Qin et al., 2013) . A recent cross-sectional study (Liu, Ho, Chen, Liu, & Woo, 2014) observed that among prehypertensive post-menopausal Chinese women, equol producers exhibited significantly lower systolic and diastolic blood pressure (p = 0.01), serum triglycerides (TGs) (p = 0.023) and C-reactive protein (p = 0.015) compared to non-equol producers. However, a double-blind placebo-controlled RCT by Qin et al. (2013) conversely observed that independent of equol status, 6-month supplementation of daidzein significantly reduced serum TGs among hypercholesterolemic (fasting TC > 200 mg/dL) Chinese men and women compared to placebo (p < 0.05). Daidzein supplementation did not significantly affect other cardiometabolic markers, including TC, LDL cholesterol, HDL cholesterol, fasting glucose, and fasting insulin. Of note, these results were not dose-dependent, as no significant differences were observed between treatments groups receiving 40 and 80 mg/d daidzein; the authors also reported no adverse effects occurred during the trial. In general, the efficacy of isoflavone intake and supplementation on CVD and related cardiometabolic risk factors is uncertain, and further human observational studies are required to ascertain the mediating role of sex and equol status.
Breast cancer
Breast cancer is the leading type of cancer affecting US women (Howlader et al., 2015) , and its prevalence is significantly higher among Western populations compared to Asian populations (Gültekin & Yildiz, 2006) . Isoflavones are known to be potent radiosensitizers, enhancing the effectiveness of radiotherapy on malignant tumors (Singh-Gupta et al., 2010). Liu et al. (2013) found that varying concentrations of genistein enhanced the radiosensitivity of both MCF-7 (ER-positive, hormone-dependent) and MDA-MB-231 (ER-negative, hormone-independent) breast cancer cell lines. Pretreatment with 5, 10, and 20 μM genistein for 24 h led to concentration-dependent effects on cell cycle arrest at the G 2 /M phase, during which cells are most sensitive to radiation. This may be the mechanism by which genistein increases radiosensitivity. In addition, MCF-7 and MDA-MB-231 cells pretreated with 20 μM genistein for 24 h exhibited higher apoptotic rates (22.7 ± 1.4 and 20.7 ± 2.3%, respectively) compared to the control groups (8.3 ± 1.6 and 10.5 ± 2.0%, respectively) at 24 h postirradiation. The authors noted that, contrary to previous study results, this study found non-significant differences between the ER-positive and ER-negative breast cancer cell lines, indicating that the effects of genistein are not mediated by ER status. It is thought that the radiosensitizing mechanism of genistein is related to its ability to arrest cell cycle at vulnerable G2/M stage and induce apoptosis through a mitochondrial-mediated pathway.
Results from other in vitro studies examining the effects of isoflavone treatment on breast cancer cell proliferation support this mechanistic pathway. Choi and Kim (2008) exposed MCF-7 and MDA-MB-453 cells to increasing concentrations of daidzein (range 1-100 μm) over 24-, 48-, and 72-h exposure periods. Significant dose-and time-dependent effects were observed, as well as significant cell cycle arrest in the G1 and G2/M phases after 72-h treatment at concentrations exceeding 5 μM in MCF-7 cells and 10 μM in MDA-MB-453 cells (p < 0.05 for all). Further analysis demonstrated that daidzein treatment significantly increased caspase-9 activity in both cell lines (indicating increased apoptotic activity), and decreased levels of cyclin-dependent kinase-1 (CDK1), a protein that regulates G2/M phase activity. Jin, Zhang, Kang, Wang, and Zhao (2010) similarly found that daidzein (concentrations ranging from 25 to 100 μM, exposure 24-, 48-, and 72-h periods) significantly inhibited MCF-7 cell proliferation in dose-and time-dependent manner (p < 0.01 for all). The MCF-7 cells produced high levels of reactive oxygen species (ROS) that acted as upstream signals to promote apoptosis; thus, the authors postulated an ROS-induced caspase-dependent apoptotic mechanism. In addition, it was recently demonstrated that daidzein also induces ROS-induced mitochondrialmediated apoptosis in BEL-7402 cancer cell lines (Han et al., 2015) .
Researchers have also investigated the effects of glycitein on mammary carcinogenesis. Zhang, Su, Bai, and Liu (2015) recently reported that glycitein may have a biphasic effect on cell proliferation, an effect that has also been observed for genistein (Karahalil, 2006) . Exposing breast cancer SKBR-3 cells to lower concentrations of glycitein (<10 mg/mL) led to increased cell growth and de novo DNA synthesis, while higher concentrations (>30 mg/mL) significantly inhibited cell growth and DNA synthesis. Specifically, approximately 50% cell proliferation was inhibited at 40 mg/mL and 75% at 100 mg/mL; cells treated with the latter concentration of glycitein had severely damaged cell membranes, which may be related to the inhibited proliferation observed.
Isoflavone efficacy in chemoprevention of breast cancer has also been explored through murine studies. Sahin et al. (2011) examined the association between genistein and lycopene dietary supplementation and incidence of 7,12-dimethylbenz[a]anthracene (DMBA)-induced breast cancer using five experimental groups consisting of 10 female Wister rats each: (1) normal control, (2) DMBA control, (3) DMBA + lycopene, (4) DMBA + genistein, and (5) DMBA + lycopene + genistein. Supplementation was fed to the rats by oral gavage three times per week during the two weeks preceding the DMBA injection; Groups 3 and 5 received 20 mg lycopene per kg body weight for, and Groups 4 and 5 received 2 mg genistein kg body weight. Mammary tumor incidence was 100% in the Group 1 (DMBA control), 70% in Group 3 (lycopene only), 60% in Group 4 (genistein only) and 40% in Group 5 (lycopene/genistein combination). The combined supplement group also presented with the lowest mean tumor weight and volume of the four groups, though tumors in Groups 3 and 4 were smaller compared to the DMBA-control group. These results indicate that while lycopene and genistein may each inhibit DMBA-induced breast cancer alone, supplementation with both may be more effective.
Although mammary tumors in rats are morphologically comparable to those in humans, it should be noted that applying the dosage utilized in this study (2 mg/kg body weight) to a human adult would result in 100 mg for a 50-kg (110 lb) woman; this is much higher than the dosages utilized (30-54 mg/d) during human studies discussed in previous sections . Accounting for biological differences between species to determine effective dosage is one of the factors currently complicating the benefit/risk analysis of phytoestrogen and isoflavone consumption (Karahalil, 2006) , underscoring the need for more human studies.
Within the extant body of human studies, there is a lack of consensus regarding the association between isoflavone consumption and breast cancer. A 2012 meta-analysis (Nechuta et al., 2012) of three longitudinal studies found that among 9,514 breast cancer survivors (two US cohorts and one Chinese cohort), high isoflavone consumption (≥10 mg/d) was significantly associated with a reduced risk of breast cancer reoccurrence (hazard ratio [HR] 0.75, 95% CI 0.61, 0.92) and a borderline significant reduced risk of breast cancer mortality (HR 0.83, 95% CI 0.64, 1.07). Wu et al. (2015) recently published the first long-term double-blind RCT on soy supplementation and mammographic density (an acknowledged biomarker of breast cancer) in US breast cancer patients. After 12 months of isoflavone supplementation (50 mg/d), the treatment group (n = 46) did not exhibit statistically significant differences in mammographic density (p = 0.38) or fibroglandular tissue volume (p = 0.48) compared to the placebo group (n = 49). Although this study duration was longer than previous RCTs studying this relationship, the sample was relatively small and included both pre-and post-menopausal women. The authors suggest that the contradicting results may be due to differences between dietary sources of soy and processed supplements, supplementation at the midlife stage may be too late, or that the protective effects of isoflavone supplementation may not been reflected in breast density changes. In addition, findings from a meta-analysis of 8 shortterm (6 months to 3 years) RCTs suggests that isoflavone consumption may have different effects on mammographic density in pre-and post-menopausal women. Hooper, Madhavan, Tice, Leinster, and Cassidy (2010) observed that dietary isoflavone intake was statistically associated with breast density among pre-menopausal women (mean difference [MD] 1.83%, 95% CI 0.25, 3.40) but not post-menopausal women (MD −1.10%, 95% CI −3.22, 1.03).
Different results have also been noted based on the geographic location of the study. A metaanalysis of 35 studies conducted by Chen et al. (2014) concluded that while subgroup analysis of studies based in Asian countries shows a preventive effect for isoflavone consumption in both pre-and post-menopausal women, no significant effect is seen for studies based in Western countries. This is in concurrence with findings from earlier data (Karahalil, 2006) .
Overall, results from recent in vitro studies suggest that all three major isoflavones (genistein, daidzein, and glycitein) may act through ROS-and mitochondrial-mediated mechanistic pathways to arrest cell cycle growth at G 2 /M phase and induce apoptosis. These findings support the biological plausibility of isoflavone consumption enhancing the chemoprevention of breast cancer. Although the body of in vivo research on the association between isoflavones and breast cancer continues to grow, there is not enough consistent evidence to conclude that isoflavones exert a protective effect against breast cancer in humans. Further longitudinal studies and controlled trials are needed to clarify this relationship.
Prostate cancer
Among US men, prostate cancer currently has the highest incidence rate and second-highest mortality rate of all cancer types (Howlader et al., 2015) . The hormone insulin-like growth factor-1 (IGF-1) is thought to play a critical role in prostate cancer development. Binding of IGF-1 to insulin-like growth factor-1 receptor (IGF-1R) on malignant cells initiates a phosphorylation cascade that ultimately blocks apoptosis, thereby increasing cancer cell proliferation. Lee, Ju, Park, Hong, and Yoon (2012) recently demonstrated that genistein effectively inhibits IGF-1-stimulated cell growth in PC-3 prostate cancer cells by blocking phosphorylation of IGF-1R and its downstream targets.
In addition, past murine studies have indicated that pure genistein supplementation inhibits prostate tumor growth but also increases metastasis, while mixed isoflavone pills (containing genistein, daidzein, and glycitein) do not have further metastatic effects. Singh-Gupta et al. (2010) examined the daidzein efficacy in PC-3 prostate tumor growth inhibition within nude mice and in cell growth inhibition within PC-3 and C4-2B prostate cancer cell lines. Mice with established PC-3 prostate tumors were divided into five experimental groups and received either 1 mg/d isoflavone mixture (43% genistein, 21% daidzein, 2% glycitein), 0.64 mg/d genistein/daidzein mixture, 0.43 mg/d pure genistein, 0.21 mg/d pure daidzein, or no treatment. Compared to the control group, all treatment groups significantly inhibited tumor growth by 30-50% (p ≤ 0.05) but no statistical significance was observed between groups. However, mice that received pure genistein exhibited a significant twofold increase in lymph node weight and size compared to mice in the control group (p = 0.03), while mice that received pure daidzein, genistein/daidzein, or isoflavone mixture had lymph node sizes comparable to the control group. Post-irradiation, mice in the pure daidzein and genistein/daidzein groups showed a significant 90% tumor growth inhibition (p < 0.0001) compared to the control group, suggesting daidzein is an efficacious radiosensitizer. Though in vitro studies indicate that genistein is more potent than daidzein, these results suggest the latter may play a critical role in preventing adverse metastatic effects.
Despite generally promising results from in vitro and in vivo murine studies, the results from human studies have been conflicting. Findings from early case-control studies based in China and Japan suggest that high isoflavone intake is associated with decreased risk of prostate cancer (Zhuo et al., 2006) . Also, a 2009 meta-analysis of observational studies found that high soy intake significantly reduced risk of prostate cancer by 26% (combined RR/OR 0.74; 95% CI 0.63, 0.89) compared to low intake (Yan & Spitznagel, 2009 ). However, it should be noted that in a subgroup analysis based on geographic study location, the Asian-based studies still exhibited a significantly reduced risk of 48% (combined RR/OR 0.52; 95% CI 0.34, 0.81) while the analysis of Western-based studies was no longer significant (combined RR/OR 0.99; 95% CI 0.85, 1.16). In addition, the separate analysis of the studies focusing on isoflavone (not soy) consumption and prostate cancer risk was not significant either (combined RR/OR 0.88; 95% CI 0.76, 1.02).
Some interventional studies have found tenuous evidence of an association between isoflavone supplementation and prostate cancer. For example, a small (n = 20) open-labeled non-randomized Phase II trial (Pendleton et al., 2008) found that 12-month supplementation of 141 mg/d isoflavonoids (administered as 47 mg powdered beverage supplement, 3 servings/d) had no effect on serum prostate specific antigen (PSA) levels, an established biomarker for prostate cancer. However, PSA levels rose at a significantly slower rate (20%) during the intervention period compared to before the intervention (56% per year; p = 0.05).
Similarly, a double-blind, placebo-controlled Phase 2 clinical trial in Norway (Lazarevic et al., 2011) randomized 40 male subjects with localized prostate cancer to receive either 30 mg/d synthetic genistein (n = 23 in per-protocol-analysis) or placebo (n = 17 in per-protocol-analysis) during the 3-6 weeks before undergoing radical prostatectomy. The mean percent change in PSA levels among men in the genistein treatment arm was −7.8 vs. 4.4% in the placebo group, a difference that was borderline statistically significant (p = 0.051). In addition, Pavese and colleagues at Northwestern University have found evidence that genistein significantly reduces expression of matrix metalloproteinase-2 (MMP-2), an enzyme linked to cell degradation associated with cancer metastasis. The full results of this Phase II clinical trial have not yet been published (Pavese, Krishna, & Bergan, 2014) .
Meanwhile, other studies have observed no effect in both healthy men (Urban et al., 2001 ) and men with localized prostatic cancer (deVere White et al., 2004) . Most recently, Bosland et al. (2013) published findings from a US-based multi-center, double-blind RCT that randomized patients who had recently undergone radical prostatectomy to receive either 47 g soy protein beverage powder (containing ~173 mg/d isoflavones) or placebo (19.2 g calcium casinate). The primary endpoint was biochemical recurrence, operationally defined by repeated increase in serum PSA levels, and measured by PSA measurements at pre-established intervals. Although the trial was intended to continue until all enrolled completed 2-year supplementation cycle, it was stopped early because 28.3% evaluable participants (n = 45; 22 intervention, 23 placebo) reached primary endpoint, nearly equal to the predicted recurrence rate of 30%.
In general, interventional studies supplying isoflavone supplementation, typically in the form of soy protein beverage powder, have reported high compliance by healthy and prostate cancer survivors and non-significant adverse events (i.e. constipation). Though this supplement form is convenient for both investigators and participants (particularly those unaccustomed to consuming soy-based foods), the lack of treatment effect may be related to unrecognized differences between processed isoflavone supplements and functional foods containing isoflavones, such as soybeans and soy-based foods. It has also been suggested that past trials have not provided adequate isoflavone dosage or supplement duration to exert chemopreventive influence in high-risk, post-surgical patients (Bosland et al., 2013) . Additionally, the epidemiological data supporting a protective effect for isoflavones and prostate cancer is largely from Asian-based studies, where the population consistently consumes a soy-rich diet over the entire lifetime. Indeed, it is estimated that the Asian diet contains approximately 20-100 mg/d isoflavones; meanwhile, the typical Western diet contains only 1-3 mg/d (Gültekin & Yildiz, 2006; Karahalil, 2006) . Thus, soy intake may be more impactful during an earlier life stage (Bosland et al., 2013) . Taken together, the body of in vitro and murine studies suggests potential mechanistic pathways by which isoflavones may provide chemopreventive benefits, but the conflicting results from human studies raise questions about the efficacy and timing of such supplementation.
Age-related cognitive decline and AD
Age-related cognitive decline can be seen in many domains, including memory, visual and auditory learning, and executive higher order functioning (i.e. verbal fluency). It is thought that estrogen may play a role in repairing age-related brain tissue degradation, particularly in structures related to memory and executive function such as the neocortex and hippocampus (White et al., 2000) . However, results from the Women's Health Initiative suggested that HRT may be associated with cognitive damage as well as increased cardiovascular risk (Gleason et al., 2009) . As a result, much research has explored the effects of isoflavone consumption and supplementation in older adults, particularly post-menopausal women, over the last 10 years.
Some studies have reported no association between isoflavone intake and cognitive function. A post hoc analysis of data from the Women's Isoflavone Soy Health randomized clinical trial indicate that 2.5 years of isoflavone supplementation (91 mg aglycone weight) in post-menopausal women did not affect global cognition compared to placebo (St. John et al., 2014) . Also, a cross-sectional study in the Netherlands examined association between soy intake among 301 post-menopausal women ages 60-75 and cognitive function in three domains: memory, processing capacity/speed, and executive function. Soy intake during the year prior, assessed using a food frequency questionnaire, was ranged from 0.18 mg/d (median lowest quartile) to 14.6 mg/d (median highest quartile). However, no significant differences in cognitive function between lowest and highest quartile of soy consumption were observed (Kreijkamp-Kaspers et al., 2007) . Conversely, an early prospective study found that high consumption of tofu, a soy-rich food, during midlife (age 46-67) was associated with significantly poorer performance on the Cognitive Abilities Screening Instrument (CASI) at age 71-93 (White et al., 2000) . Specifically, participants that self-reported consuming tofu twice per week during one of the two midlife dietary interviews were at a statistically significant 74% (95% CI 1.28, 2.37) increased risk of cognitive impairment (CASI score < 74) during the later cognitive test.
However, more recent interventional studies have observed beneficial effect in specific cognitive domains and no effect in other domains. One small, double-blind RCT in London (Duffy, Wiseman, & File, 2003) administered 60 mg isoflavone equivalents (n = 18) or placebo (n = 15) to post-menopausal women aged 50-65 years for 12 weeks. A battery of cognitive tests was used to assess cognitive function at baseline and post-treatment. Compared to the placebo group, the isoflavone treatment group significantly improved performance (p < 0.05) on picture recall task (long-term episodic memory), Paced Auditory Serial Addition Test (sustained attention) and Stockings of Cambridge Test (frontal lobe function). In this study, isoflavone treatment was not associated with participants' selfreported mood. Similarly, a Brazilian RCT found no significant difference in Geriatric Depression Scale scores between post-menopausal women administered 80 mg/d isoflavone supplementation for 4 months and those administered placebo (Santos-Galduróz, Galduróz, Facco, Hachul, & Tufik, 2010 ). An Italian double-blind crossover RCT of longer duration (6-month treatment or placebo with 1-month washout between) conversely reported 60 mg/d isoflavone treatment was associated with significantly lower scores on Beck Depression Inventory and Profile of Mood States (p = 0.01 for both; Casini et al., 2006) . These mixed results suggest that more research on is needed before long-term isoflavone supplementation can be recommended to the general public.
Researchers has also examined the relationship between isoflavone intake and AD, an age-related neurodegenerative disease characterized by neuronal loss and accumulation amyloid β-peptide (Aβ) in the brain and the most common form of dementia present in the older adult population (Dyall, 2010 ). An early study by Gutierrez-Zepeda et al. (2005) explored the separate effects of genistein, daidzein and glycitein supplementation (each 100 μg/mL) in transgenic Caenorhabditis elegans expressing the human amyloid-beta (Aβ) peptide. Elevated levels of Aβ is thought to be directly related to the neuronal dysfunction (e.g. memory loss, disorientation) associated with AD. Only the glycitein-supplemented group exhibited significantly delayed Aβ expression-induced paralysis (p = 0.036), which correlated with the reduced level of ROS compared to the control group (p < 0.05); no significant changes were observed in the genistein-and daidzein-supplemented groups.
A more recent study by Unno et al. (2015) observed that soybean extract reduced Aβ-40 and Aβ-42 accumulation in aged mice. Conversely, Chatterjee, Roy, Khemka, Chattopadhyay, and Chakrabarti (2015) found that genistein led to enhanced accumulation of Aβ-42 in the SHSY5Y human neuroblastoma cell line. These contradicting results indicate the need for further well-designed in vitro and in vivo murine studies to discern the potential mechanisms linking isoflavones and AD precursors such as Aβ-42.
Of note, Gleason and colleagues recently published findings from the first isoflavone supplementation RCT conducted among patients diagnosed with AD (Gleason et al., 2015) . Among 59 men and women, age > 60 years, 100 mg/d isoflavone supplementation for 6 months did not significantly affect global cognition, though changes in equol levels were significantly associated with improved verbal fluency (p = 0.05). As the authors note, interpretation of these results is limited by the small sample size; in addition, only 26% of the treatment group were equol producers, suggesting that equol status may affect the efficacy of isoflavone supplementation on cognitive function. Overall, this area of research on isoflavones and AD is still growing, and further in vitro and in vivo murine studies would help elucidate potential mechanisms by which isoflavones are protective or harmful.
Conclusion
Genistein, daidzein, and glycitein are the three most bioavailable isoflavones present in soybeans and other soy-based products, and there is a growing body evidence suggests their bioactivity has implications for chronic diseases such as CVD, osteoporosis, cancer, and age-related cognitive decline. Recent in vitro studies have demonstrated that isoflavones inhibit breast and prostate cancer cell proliferation, though the mechanistic pathways are still being explored. However, the efficacy and safety of isoflavone supplementation to prevent and treat chronic disease is still highly controversial, due to widely varied findings from in vivo murine and human studies. In general, interventional studies have reported high adherence to treatment by healthy and diseased populations, and non-significant adverse events (i.e. constipation). However, the effects of isoflavone supplementation in the human body, particularly within Western populations, are still not understood. More welldesigned placebo-controlled studies are needed to ascertain the role played by mediators such as age, sex, and equol status and the long-term implications of isoflavone treatment, as it is not yet possible to determine safe but efficacious dosage levels for general recommendations. Furthermore, ongoing and future prospective cohort studies, which are positioned to study the US population as it continues to age and chronic disease prevalence continues to grow, should consider the importance of assessing isoflavone dietary and supplementary intake for future analysis.
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